Dirty Peierls transition to stripe phase in manganites 
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The nature of the phase transitions in Lai-^Ca^MnOs and Pro.4sCao.52Mn03 has been probed 
using heat capacity and magnetisation measurements. The phase transition associated with the 
onset of the stripe phase has been identified as second order. The model of a Peierls transition 
in a disordered system (a 'dirty' Peierls transition) is shown to provide an extremely good fit to 
this transition. In addition, an unexpected magnetic phase has been revealed in low temperature 
Pro.48Cao.52Mn03, associated with an excess heat capacity over a wide temperature range compared 
to Lao.48Cao.52Mn03. 

PACS numbers: 75.47.Lx, 71.45.Lr, 65.40.Ba, 65.40.Gr 



Many strongly correlated electron systems (e.g. 
manganites 0, 0], cuprates Q, nickelates and 
cobaltites H) exhibit charge ordering phenomena, in 
which a superstructure forms at low temperatures. The 
insulating nature of the compounds and the results of 
transmission electron microscopy (TEM) experiments [J 
H H led to the suggestion that the superstructure for- 
mation was driven by charge separation and localisation 
at atomic sites. However, recent work has produced con- 
flicting evidence as to the nature of the superstructure, 
with some studies supporting a model with charge lo- 
calised at the atomic sites, but with the difference in 
charge between atomic sites being small H El IHI > 
and others indicating the the superstructure is not tied 
to the atomic sites To explain the latter results, 

it has been proposed that the superstructure resembles a 
charge density wave (CDW) [lalll In this paper, we 
find strong support for a CDW model of the superstruc- 
ture in manganites. 

Previous measurements of Lai_ K Ca x Mn03 with x > 

0.5 dHELlEl 

have observed two transitions as peaks 
in the heat capacity. The peak at higher temperature 
(T) was attributed to critical fluctuations of the order- 
disorder type associated with charge ordering 0, fl8j |. 
with a contribution at x = 0.5 from the onset of ferro- 
magnctism (FM). The transition was identified as first 
order based on the hysteresis in the resistivity data [ri| . 
The lower T peak was attributed to the transition from 
a paramagnetic state to an antifcrromagnetic (AFM) 
state III El OS 03. 

Here we use heat capacity and magnetisation mea- 
surements to gain insight into the nature of the 
phase transitions in manganites. Lao.soCao.5oMn03, 
Lao.48Cao.52Mn03 and Pro.4sCao.52Mn03 were mea- 
sured, with the latter two being chosen as compounds 
with different average cation sizes and variances (see Ta- 





Average Re/Ae 


Variance of Re/Ae 




site radius (A) 


site radius (A 2 ) 


Lao.5oCao.5oMn03 


1.198 


3.24 x 10~ 4 


Lao.48Cao.52Mn03 


1.197 


3.23 x 1(T 4 


Pro.4sCao.52Mn03 


1.180 


2.50 x 10~ 7 



TABLE I: Average and variance of the radius of the site oc- 
cupied by rare earth (Re) or alkaline earth (Ae) ions in differ- 
ent compositions of Rei-^Ae^MnOS (the Re/Ae site radius). 
Here Re is La or Pr, Ae is Ca and £=0.5 or 0.52. I2CI. 



ble [I| but in which the superstructure has on average 
an almost identical wavevector [J^. The smaller size of 
the Pr cation is thought to lead to stronger electron- 
phonon coupling, allowing the superstructure to lock 
into the lattice in around 25% of the grains The 
Lao.soCao.soMnOs sample was chosen as it has a nomi- 
nally commensurate superstructure (th oug h small devi- 
ations are seen in TEM measurements |l9|) and so pro- 
vides a contrast between commensurate and incommen- 
surate systems. 

Samples were prepared by repeated grinding, press- 
ing and sintering of appropriate oxides and carbonates 
in stoichiometric proportions. The carbonates were de- 
carboxylated by heating for 12 hours at 950° C. Each sam- 
ple was reground, repcllcted and heated at 1350°C for 4 
days, then reground, repcllcted and reheated at 1350°C 
for another 4 days. X-ray powder diffraction indicated 
that the samples were single phase [2lJ . 

Heat capacity measurements were made using a Quan- 
tum Design Physical Properties Measurement System 
(PPMS). The accuracy of the measurements can be 
checked by examining the fits to the PPMS-measured 
decay curves. This is especially important in the region 
of a first order transition, where the release of latent heat 
can reduce the quality of the fit j^]. In order to ensure 
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FIG. 1: Heat capacity, and magnetisation (in 100 Oe), with 
warming data shown in red and cooling data shown in blue, 
(a) shows data for Lao.soCao.5oMnC>3, (b) shows data for 
Lao.48Cao.52MnC>3, and (c) shows data for Pro.4sCao.52Mn03. 
The errors are smaller than the size of the data points. The 
variation of the wavevector of the superstructure wavevector 
with T is shown for Lao.soCao.soMnOa in (d) (data from Jjj]) 
and for Lao.4sCao.52Mn03 in (e) (data from 01). 



than the system had reached equilibrium the heat capac- 
ity measurements were taken with very dense data points 
(between 140 and 600 measurements made between 1.8 K 
and 300 K), and the system was allowed around twenty 
minutes to reach equilibrium at each T (decreasing the 
waiting period to three minutes produced substantially 
different data in the regions of the transitions) . The long 
relaxation times at each T hints at pinning of the super- 
structure to defects in the system |23|. Magnetic suscep- 
tibility measurements were performed using a Quantum 
Design Magnetic Properties Measurement System. Sam- 
ples with masses between 30 and 45 mg were used. 

The heat capacity data for all three compounds show 
two transitions (see Fig. ^) , with the transition at higher 
T exhibiting a much larger change in entropy than the 
lower transition. In order to make the transitions more 
visible the background was removed from the data. In 
the low T (1.8 K - 10 K) range, heat capacity data were 
fitted to an equation of the form: 



C P = p 3 T 3 + (3 5 T 5 + 7 T + 



jr 2 



5T Z 



(1) 



12^ 



where /3s, 05, a, S and 7 are constants, f3 3 = Nk 
where 6 D is the Debye T Q. The high T data is mod- 



elled with a Debye model and an Einstein mode, where 
£?d has been determined from the low T data. The data 
were fitted with iterative reweighted least squares [25| us- 
ing the Levenberg-Marquardt method [2(| . This method 
has the advantage over the more commonly used least- 
squares technique that low weights are automatically 
given to areas which have a poor fit to the model (so 
the errors are not assumed to be Gaussian). The heat 
capacity above background is shown in Fig. EK,b, and c. 

As can be seen from Figs, ^i, and |2t» the 

appearance of the supcrlattice reflections occurs at the 
same T as the upper transition, and the stabilisation 
of the value of the wavevector occurs at the same T as 
the lower transition. This indicates that the evolution of 
the superstructure is strongly linked to the phase transi- 
tions. The Ts of the transitions (see Table ITT)) for both 
Lao.48Cao.52Mn03 and Pro.4sCao.52Mn03 show hystere- 
sis. The lower transition shows greater T hysteresis than 
the upper transition, probably since at the lower T the 
superstructure has become more strongly pinned to grain 
boundaries and impurities in the lattice. 

The magnetisation data for Lao.soCao.srjMnOs and 
Lao.48Cao.52Mn03 show an increase in magnetic moment 
on cooling corresponding to a transition of some propor- 
tion of the sample to FM (see Fig. 0). At lower Ts the 
magnetisation falls again - this is traditionally associated 
with the transition to AFM • In the T range between 
the two transitions hysteresis is observed in M-H loops 
(see Fig. EJ. 

The presence of an FM-AFM transition in 
Lao.soCao.soMnOa and Lan 4sCan 52M11Q3 agrees 
with the suggestion of Milward et al. |lj| that charge 
order which has not locked into its low T value will 
always be associated with ferromagnetism. The mag- 
netisation is higher for Lao.5oCao.5oMn03 than for 
Lao.48Cao.52Mn03, as predicted by Landau theory Q. 

The magnetisation for Pro.4sCao.52Mn03 shows 
a small change in the region of the transitions. 
However, the magnitude of the magnetisation 
for Pr .48Cao.52Mn03 is only 1% of that for 
Lao.soCao.soMnOs. However, there is also a marked 
increase in the magnetic moment below 50 K which is 
not associated with any obvious features in the heat 
capacity data. However, the Lao.4sCao.52Mn03 and 
Pro.48Cao.52Mn03 heat capacity data do show a constant 
difference (on average 8%) in the range 20 - 100 K (see 
Fig- El, with an extra entropy of 5.1 J mol" 1 K~ x arising 
in Pro.48Cao.52Mn03 relative to Lao.48Cao.52Mn03 in 
this T range. Since the masses of Pr and La differ by 
only 1.4%, the change in the phonon contribution to 
the heat capacity is unlikely to have produced the large 
observed difference [2^. Thus there may be a magnetic 
phase in Pro.4sCao.52Mn03 which evolves continuously 
between 2 and 50 K. 

The calculated entropies (see Table ITTT|) are lower by a 
factor of around two than those found in other studies of 
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FIG. 2: Excess heat capacity of (a) Lao.soCao.5oMn03, 
(b) Lao.48Cao.52Mn03 and (c) Pro.4sCao.52MnC>3 with back- 
ground removed, (d) Lao.48Cao.52MnC>3 heat capacity sub- 
tracted from Pro.48Cao.52MnC>3 heat capacity. In (a) the blue 
line is total heat capacity above background. The red and 
green lines show the contributions of the upper and lower T 
transitions respectively. In (b) and (c) the red crosses signify 
the limits used for the entropy calculation. 




Field (T) Field (T) 

a b 

FIG. 3: M-H loops taken at various Ts on warming and 
cooling for (a) Lao.soCao.srjMnOs and (b) Lao.4sCao.52Mn03. 
Curves were taken on warming (w) and cooling (c). 



similar compounds |l5l |29j . This difference is probably 
due to the fact that the entropies in Refs. 0, |2^| were 
calculated by fitting a polynomial away from the region 
of the transitions, rather than using all of the data to 
fit a background which is smooth in the region of the 
transitions, as done in the present work. 

We now show that the two transitions are domi- 
nated by electron-lattice effects associated with the su- 
perstructure. At the upper transition, the percentages 
of the total entropy are the same in Lao.5oCao.5oMn03 
and Larj.48Cao.52Mn03 (the absolute values arc only 
28% different), despite the fact that the magnetisa- 
tion is ten times smaller in Lao.4sCao.52Mn03. In 



Pr .48Cao.52Mn03 the entropy of the upper transi- 
tion is higher than that in Lao.5oCao.5oMn03 and 
Lao.48Cao.52Mn03, despite the fact that the magneti- 
sation is 100 times smaller in Pr .4sCao.52Mn03 than 
in Lao.5oCarj.5oMn03. Since Pro.4sCao.52Mn03 is ex- 
pected to have stronger electron-phonon coupling than 
Lao.48Cao.52Mn03, this indicates that the electron- 
phonon coupling is dominating the value of the released 
entropy. Thus the entropy of the upper transition is dom- 
inated by electron-lattice effects, and shows little or no 
link with the magnetisation. The proportion of entropy 
released at the lower transition for Pro.4sCao.52Mn03 is 
only lower than the values for Lao.5oCa .5oMn03 and 
Lao.48Ca .52Mn0 3 by a factor of two, although the mag- 
netic transition has all but disappeared. Thus even the 
lower transition is not dominated by magnetic effects. 

When passing through a first order transition, the sam- 
ple should emit latent heat, producing a PPMS decay 
curve that cannot be well modelled by the analysis soft- 
ware |22j . Therefore, decay curves were examined in the 
regions of the transitions, but the values derived man- 
ually were the same as the values which had been de- 
termined automatically, within experimental error. This 
absence of latent heat at the transition is the first piece 
of evidence that the transitions are second order. 

The second piece of evidence that the upper transition 
is second order is that the heat capacity peak is always 
asymmetric (see figure |2J ■ A second order transition in 
a very pure sample can be modelled using critical expo- 
nents; however, the breadth of the peak in this case in- 
dicated that a model including impurities must be used. 
Therefore the heat capacity peak above background at 
the transition was modelled as a Peierls transition in a 
system containing impurities |3fj| : 

C oc d f t (x cx |{(-t) + [{-tf + N r /2 V /2 (2) 

where x is the magnetic susceptibility, Rj mp is the inverse 
ionic correlation length in the presence of impurities, 
N = Ax 1 /' 1 and t = (T - T*)/T*. A is an input length- 
scale determined by the impurity potential (taken to be 
roughly a lattice spacing), d is the system dimension, x is 
the impurity concentration and T* = Tg Up = T^ urc — AT. 
Since the low and high T limits of this function are 
not the same, a linear background was subtracted to 
enable the function to be fitted to the heat capacity 
above background. The fit can be made over the widest 
range for Pro.4sCao.52Mn03 because the upper transi- 
tion is well separated from the lower transition. For 
Lao.5oCao.5oMn03 and Lao.4sCao.52Mn03 the lower tran- 
sition is close, and therefore the fit must be made over a 
narrower range. As can be seen from Fig. 0] the model 
provides an extremely good fit to the data. 

A lengthscale for the disorder was calculated 
as x~ 1 ' d = A/A. For Pro.48Cao.52Mn03 and 
Lao.soCao.soMnOs the result was 23 A, and for 
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FIG. 4: Fitting of transition peaks for Lao.soCao.soMnOa, 
Lao.48Cao.52MnC>3 and Pro.48Cao.52Mn03 to a model of a 
Peierls transition in a system with impurities (a linear back- 
ground was removed). Points are data and the solid line is 
the fit of the model to the data. 





Lower transition (K) 


Upp 


er transition (K) 




cool 


warm 


cool 


warm 


Lao.soCao.soMnOa 


150 




223 




La .48Cao.52Mn03 


146 


158 


218 


223 


Pr .48Ca .52MnO3 


131 


138 


229 


234 



TABLE II: Transition Ts for Lao.soCao.soMnOa, 
Lao.48Ca .52MnC>3 and Pro.48Ca .52Mn03. 



Lao.48Cao.52Mn03 it was 21 A. Therefore the lengthscale 
of the disorder is very similar in all three compounds. By 
comparison, blue bronze (a charge density wave system) 
doped with 1% W (K0.3M00.99W0.01O3) yields a length- 
scale of 5lA. The fact that this model can fit all three 
compounds, with similar disorder lengthscales, supports 
the conjecture that the transition is a Peierls transition 
in disordered materials. We suggest that the 'impurities' 
may in fact reflect the A-site cation inhomogcncity rather 
than chemical inhomogencities since x-ray and neutron 
data indicate that the samples are single phase 0, 0] . 

In conclusion, our data showed that the upper tran- 
sition which has been traditionally associated with the 
onset of FM in x = 0.5 is in fact driven by the lattice. 





S of lower transition 


S of upper 


transition 




J/(mol K) 


% Of Stot 


J/(mol K) 


% Of Stot 


Lao.soCao.soMnOs 


0.41 


24 


1.33 


76 


Lao.48Cao.52Mn03 


0.25 


21 


0.95 


79 


Pr .48Ca .52MnO3 


0.21 


13 


1.36 


87 


Pr .eCao.4Mn03 


0.6 


23 


2.0 


77 


Lao.25Cao.75Mn03 


0.67 


23 


2.3 


77 



The transition is second order, and can be well modelled 
as a Peierls transition in a disordered material. The pre- 
vious conclusion that the transition was first order was 
based merely on hysteresis in the resistivity data [l7j . 
rather than on the measurement of any thermodynamic 
quantity. Such hysteresis can be explained as being due 
to lossy kinetics in a CDW-like ground state with dis- 
order uM- Other work assumes this transition is first 
order |l8j since the electron-phonon coupling is taken to 
be large. As we have shown, the electron-lattice effects 
are dominant, but can be well modelled as a CDW in 
which insulating behaviour can be produced without the 
need to invoke strong electron-phonon coupling. Finally, 
an unexpected low T magnetic phase has been found in 
Pro.48Cao.52Mn03 which evolves continuously at low T. 
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TABLE III: Entropy values for the transitions in various man- 
ganite compounds. Data for Pro.6Cao.4Mn03 taken from ITBl . 
data for Lao.2sCao.7sMn03 taken from l2Sl . 
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